Abstract-In this paper, a planar microstrip branch-line coupler is designed to have dual-band operation. A Pi-typed structure is used in place of the conventional quarter wavelength transmission line for dual-band application. This structure consists of a pair of coupled line in which one has two ends while the other has open stubs attached to its two ends, and its circuit parameters are determined by the transmission line theory. Explicit design equations are derived using ABCD-matrix. For verification, a 3-dB branch line coupler with operating frequencies of 900 MHz and 3.5 GHz is fabricated and measured on an FR-4 printed circuit board (PCB). The simulated and measured results are in good agreement with each other.
INTRODUCTION
With the rapid progress of modern wireless communication systems, more and more dual-or multi-band RF and microwave subsystems are developed instead of the conventional structures for reducing system complicity, sharing the resources and cutting down the cost as much as possible. Up to now, various dual-band RF passive components have been designed and applied with theories and techniques, such as dual-band filters [1] [2] [3] , power dividers [4, 5] , crossovers [6, 7] and branch-line couplers [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Among dual-band couplers, there has been increasing interest in a dual-band branch-line coupler, which is useful in various microwave circuits, such as balanced amplifiers, balanced mixers, phase shifters and data modulators. A dual-band branch-line coupler was proposed using left-handed transmission lines [8] . However, in their realization, the lumped elements used in the circuit made significant losses, which restrict its practical application severely. The use of stub lines is very popular in obtaining the dual-band operation of the branch-line coupler [9] [10] [11] [12] . In [9] , a design was introduced by adding openor short-circuit stubs tapped to the end of each branch line with simple design equations. Then, the dual-band operations were realized by open stubs tapped to the center of each branch line [10] . Steppedimpedance stubs were demonstrated to achieve more realizable frequency ratios and compactness [11, 12] . Ref. [13] demonstrates the design without any stubs or lumped elements, but its area is too large. Cross branch, which has additional freedom to utilize, was designed in dual-band couplers [14] . In the year of 2010, a new method was used with simple port extension [15] . Coupled lines are also used in achieving dual-band operations [16] [17] [18] [19] . In [16] , coupled lines were substituting for open stubs in T-shaped two-ports, which brought a complicated design and a narrow bandwidth. Refs. [17, 18] implemented the dual-band branch line coupler with only three coupled lines, which realized arbitrary coupling coefficient with compact size, but they did not give specific design procedure and the frequency ratio f 2 /f 1 were restricted by the minimum gap spacing between the coupled lines.
In this article, a novel dual-band branch-line coupler is proposed. Each quarter wavelength section of a conventional branch-line coupler is replaced by the proposed elementary two-port which consists of a pair of coupled lines and two open stubs attached to its two ends. This structure introduces more design freedom in the branch-line coupler to realize the desired dual-band operations. Design equations are formulated by establishing the equivalence between the π-shaped transmission lines and the quarter wavelength section at two operating frequencies with equal ABCD-matrix. For verification,a circuit operating at 900 MHz and 3.5 GHz is implemented by the standard PCB processes. Figure 1 shows the schematic diagram of the conventional branch line coupler. As said above, the key of dual band design is substituting the quarter wavelength branch line with an equivalent section that exhibits the desirable characteristics at two different frequencies.
THEORETICAL ANALYSIS OF THE DUAL-BAND BRANCH-LINE COUPLER
The equivalent circuit consists of a pair of coupled lines in which one has two ends, and the other has open stubs attached to its two ends, as Figure 2 shows. Z e , Z o , θ e and θ o are the even-and oddmode characteristic impedances and electrical lengths of the coupled lines, with Z and θ represent the characteristic impedance and electrical length of the open stubs, respectively. For the sake of analysis, the proposed structure is assumed to be reciprocal and lossless.
By applying a matrix formulation, the ABCD parameters of the proposed three sections demonstrated in Figure 2 (b) can be derived as
where
Although the phase velocity is different for even and odd modes, the assumption of equal electrical lengths (θ e = θ o ) will be made for the following calculations. (a) For θ e = θ o = θ x , (1) becomes
By setting Z x = Z e //Z o , each element of the ABCD-matrix is given by
Since the proposed structure is equivalent to the conventional quarter-wavelength transmission line, the ABCD matrix of the structure should equal that of a conventional section, yielding
where Z T is the characteristic impedance of the conventional λ/4 line. The above expression leads to
For the purpose of dual-band operation, the necessary conditions by (3) and (4) are
where θ x1 , θ x2 , θ 1 and θ 2 are electrical lengths of those lines at two desired operating frequencies. The solution of (8) is
where n = 1, 2, 3, . . ., and considering the relationship of
As a result, once the two operating frequencies are chosen, the electrical lengths of the coupled line section will be determined as
Combining (9a) and (9b), the electrical lengths for the shunt section (θ 1 and θ 2 ) can be computed following the same procedures for the coupled line as follows
where m = 1, 2, 3, . . .. Finally, the design procedures of the proposed branch line coupler can be summarized as follows.
1) Considering the two operating frequencies (f 1 and f 2 ).
2) Using (12) and (13) By replacing all four branch lines of the conventional coupler with the novel two-port structure, the topology of the whole new branch-line coupler is given in Figure 3 .
Theoretically, the proposed coupler can operate at any two arbitrary frequency bands. However, in practice, the construction of the coupler is also constrained by the range of realizable impedance. Figure 4 gives the normalized values of Z and Z x (with reference to Z 0 ) as a function of the frequency ratios f 2 /f 1 . These values are obtained from (6)- (7) with the branch electrical length obtained from (12)-(13) (m = n = 1). It can be found that the curve of Z rises with the decrease of the dual band ratio f 2 /f 1 . As f 2 /f 1 approaches 1, the impedance of Z becomes infinite. Considering the realizable impedance values range from 20 to 120 Ω, a frequency ratio f 2 /f 1 from 2.1 to 5.7 can be covered for a port impedance of 50 Ω. Meanwhile, the curve of Z x rises with the increase of f 2 /f 1 . Since Z x = Z e //Z o , for a certain Z x , it is expected that there are infinitely solutions of Z e and Z o for dual-band requirement.
Without loss of generality, Z e will be chosen as a freedom in design. Figure 4 (b) shows the required two sets of even-and odd-mode impedances for the quarter-wave coupled-line sections against f 2 /f 1 . There are two practical limitations for those solutions. Firstly, it is necessary to ensure that Z e is 
SIMULATED AND MEASURED RESULTS
For verification, a proposed dual band microstrip branch-line coupler is simulated, fabricated and measured. f 1 = 900 MHz and f 2 = 3.5 GHz are selected as the operating frequencies. θ x = θ is chosen for simplified devising. From the design procedures above, the design parameters are derived and listed in Table 1 . For improved accuracy, the frequency response of the whole design including junction discontinuities and substrate effect was optimized by full-wave simulator and fabricated on the FR4-based PCB. The dielectric constant and the thickness of the substrate used are 4.6 and 0.8 mm. The loss tangent is 0.035. Images of the actual fabricated prototype is displayed in Figure 5 . For compactness, the open stubs are all curled. Scattering parameter measurement were performed using Agilent 8719ES network analyzer over the frequency range from 0.5 to 4 GHz. Figure 6 exhibits the simulated and measured results with close agreements obtained. It is found that the center frequency of the upper band slightly moves to 3.35 GHz. This deviation is possibly due to the fabricating error. Table 2 gives the performance of the proposed coupler. As Figure 6 and Table 2 shows, the magnitude of the return loss and the isolation loss are below −20 dB at 900 MHz and below Table 2 . A comparison of the reported dual-band branch-line couplers and this work is summarized in Table 3 . As there are numerous publications of the dual-band branch-line coupler, some represented works are included. In order to fairly compare the reported dual-band branch line couplers, a figure-ofmerit (FOM) has been defined and described below:
where RBW 1 and RBW 2 represent relative bandwidths of operating frequencies f 1 and f 2 , respectively.
CONCLUSION
A new planar dual-band branch-line coupler is designed using four Pi-typed structures with coupled lines. The rigorous analysis of the structure is given by ABCD-matrix with exact design formulas derived in concise form. For the purpose of verification, a microstrip branch-line coupler of the proposed structure is constructed for 900 MHz and 3.5 GHz dual-band operation. Measured results demonstrate a slight frequency shift in upper band due to the fabrication tolerance. Moreover, for the lossy nature of FR-4 board, the actual loss at dual-band is higher than simulation results, especially at upper frequency. Nevertheless, the design structure in this article is useful for a variety of circuit or substrate technologies.
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